1. Ammonia absorption has been studied in closed loops of rat jejunum, ileum and colon.
MATERIALS AND METHODS

The effects ofpH and bicarbonate
Eight buffered and four unbuffered solutions were made up (Tables I and 2 ). These buffered solutions were used in rotation in individual animals, and prepared by titrating two aliquots of a stock solution of 0·2 M Tris (Tris-(Hydroxymethyl)-Methylamine, 24·2 gjl) with 0·2 N hydrochloric acid so that the final pH was 7·0 and 9'0 respectively, as measured by a glass electrode pH meter. Osmolalities of the resultant solutions were measured by a Knauer osmometer and adjusted to 160 mosmoljkg by diluting with distilled water. The appropriate salts were then added (Table I ) and the final osmolality and pH measured. If necessary the osmolality was further adjusted to 300 mosmoljkg by adding a measured quantity of sodium chloride. Fresh solutions were prepared for each group of experiments.
Four unbuffered solutions containing ammonium chloride (150, 75, 37·5 and 18'75 mEqjl) were used in two animals (Table 2 ) starting with the low concentration of ammonia in one and the high concentration· in the other. Final osmolality was adjusted to 300 mosmoljkg by the addition of sodium chloride.
Four consecutive experiments were performed on the one loop of intestine in each rat. Forty-eight experiments with buffered solutions and eight experiments with unbuffered solutions were performed for each region of intestine.
The effects ofhypertonicity
Solutions of different tonicity were produced by incorporating mannitol and urea in a solution of ammonium chloride. Hydrazine was added to some solutions. Three groups of experiments were carried out.
Tris buffer
Group A (three rats). Five solutions of ammonium chloride (NH 3 37'5mEq/l) were prepared. The osmolality of the most hypotonic solution was thus 75 mosmol/kg and the osmolalities of the remaining solutions adjusted to 150, 225, 300 and 375 mosmol/kg by the addition of calculated amounts of mannitol. The solutions were used consecutively on three animals so that a total of fifteen experiments was performed.
Group B (six rats). Two solutions of ammonium chloride (NH 3 37·5 mEq/l) with hydrazine 4 mg/l were prepared and their final osmolalities adjusted to 225 and 375 mosmol/kg with calculated amounts of mannitol. The hypotonic solution was left in the ileum for 30 min, followed by the hypertonic solution for the same period, and then by the hypotonic fluid, which was used for three periods of 30 min. Group C (six rats). Solutions contained similar amounts of ammonia and hydrazine to those in Group B, but urea was substituted for mannitol to produce similar osmolalities. The same sequence of experiments was performed as in Group B.
Procedures
Under methoxyflurane (Penthrane) anaesthesia, a 4 em mid-line abdominal incision was made in Wistar rats weighing 200-300 g. The small bowel or caecum, as appropriate, was delivered through the incision. For small bowel studies either the proximal 16 em of jejunum or the distal 16 em of ileum was marked off. This length represents approximately the amount supplied by a single fold of mesentery. The proximal end of this segment wasopened and a plastic intravenous cannula (Braunula No.1) was inserted and secured by ligature. The distal F end ofthe loop was then opened and isotonic saline run through the intestine from the proximal to the distal end until the washings were clear. A second cannula was fixed in the distal end. For studies on the large bowel, a cannula was inserted in the caecum and the entire large bowel washed out with isotonic saline; a second cannula was then inserted at the junction of colon and rectum.
In all experiments the isolated segment of bowel was next washed through with the solution to be studied and then 3 ml of this solution were introduced into the loop by means of syringes attached to the cannulae. After 30 min the solution was withdrawn into the syringes and the volume noted. It was transferred to a specimen tube, under oil, and analysed for total carbon dioxide (Peters & Van Slyke, 1932) and ammonia (Conway, 1962) . Bicarbonate was calculated from the total carbon dioxide concentration and pH by means of the Henderson-Hasselbalch equation, assuming a pK of 6·10. Hydrazine was measured by the method of Dambrauskas & Cornish (1962) .
RESULTS
Effects ofpH and bicarbonate
In these experiments ammonia was readily absorbed by the rat intestine. Individual animals did not differ greatly in their capacity to handle these solutions as demonstrated by the small standard deviations (Table 3 ). Ammonia absorption from unbuffered solutions expressed as a percentage of initial concentration showed no tendency to fall with time or with increasing ammonia concentration in the fluid infused (Table 4) .
At the end of each 30 min period the sodium chloride and sodium bicarbonate solutions contained O'S-l'O mEq/l of ammonia. The final pH of the sodium chloride solutions ranged from 6,48-7,02 (initial pH 7,19) and 7·00-7·46 (initial pH 9,06) and the final pH of the sodium bicarbonate solutions from 7'17-7'S3 (initial pH 7,42) and 7,81-8,14 (initial pH 8,80).
The final pH of the ammonium chloride solutions ranged from 6,69-7,04 (initial pH 7,18) and 7·4S-7·79 (initial pH 8,43). The corresponding ranges for ammonium bicarbonate solutions were 6·84-7·24 and 7·76-7·81 (initial pH 7·39 and 8,42).
For each group of experiments (Table 3 ) significantly more ammonia was absorbed from the solutions buffered at a higher pH (P<O·OS; Student's t-test); likewise there was significantly greater absorption of ammonia from the solutions of ammonium bicarbonate than from the corresponding ammonium chloride solutions (P<O·OS).
More bicarbonate accumulated in the saline solutions than in the corresponding solutions of ammonium chloride, except in the jejunum where the difference between secretion of bicarbonate into the sodium chloride solution buffered at pH 7·19 and the corresponding ammonium chloride solution was not statistically significant (P>O·OS). At the higher pH however, there was greater bicarbonate secretion into the sodium chloride solution (P<O·OS).
The absorption of bicarbonate was greater from each of the ammonium bicarbonate solutions than from the corresponding sodium bicarbonate solutions (P<O·OS), and was also greater from both solutions at the lower pH (P<O·OS).
The relationship between pH, ammonia absorption and bicarbonate movement was qualitatively similar in the jejunum, ileum, and colon, though there were quantitative differences. It is noteworthy that there was a net secretion of bicarbonate from the ileum into sodium bicarbonate solutions. Ammonia absorption was less from the colon than from the other two sites (P<O·05). On the other hand, more bicarbonate was absorbed from the jejunum than from the other two sites, whilst bicarbonate secretion was greater into the ileum than into the jejunum or colon (P<O·05).
Effects of hypertonicity
The absorption of ammonia from hypotonic solutions was constant in all three rats studied in Group A. Absorption from the final, hypertonic solution, however, was markedly impaired (Fig. 1) . Mean ammonia absorption from this solution was significantly less than from the mean of the previous experiments (P<O·05).
In Group B ammonia absorption was significantly less when the second, hypertonic solution was instilled (P<0·05). In the next two experiments with hypotonic solutions ammonia absorption was still significantly depressed (P<0·05) but subsequently returned towards initial values (Fig. 2) . Hydrazine absorption from the hypertonic and subsequent solutions was likewise reduced (Fig. 2) . The absorption of hydrazine and ammonia was significantly correlated in these experiments (r = +0'845). In Group C there was a fall in the mean absorption of ammonia from 67·5% to 51·8 % when the hypertonic urea solution was instilled (Fig. 3) . The difference was statistically significant (P < 0,05). The absorption of ammonia in the third, fourth and fifth experiments was significantly less than in the first experiment (P<0·05).
100
. . Mean hydrazine absorption fell from 64·5 %to 39·3 %when a hypertonic solution of urea was used, and remained at a lower level for the remaining three experiments (Fig. 3) . The difference between the first and each of the subsequent experiments was statistically significant (P<0·05). The correlation between ammonia and hydrazine absorption in the thirty experiments with urea was also significant (r = +0'628).
DISCUSSION
The concentrations of ammonia used in these experiments were greater than those used by Summerskill (1966) and were chosen to approximate to the concentrations which might be expected to occur in uraemic patients ifmost of the urea in the gut was converted into ammonia; for instance a concentration of urea in the intestinal fluid of 240 mg/IOO ml would yield 80 mEqjl of ammonia, though simultaneous absorption of ammonia would reduce this figure to the lower values for faecal ammonia found by Wilson et al. (1968) . The faeces of uraemic patients have been shown to contain minimal traces of urea, unless antibiotics are given, when the concentration approached that of plasma urea (Wilson et aI., 1968) . This finding suggested that bacterial breakdown of urea in the intestine is normally complete; as many colonic microorganisms produce urease, it is probable that this is the most important route of urea breakdown.
Our results support the hypothesis that non-ionic diffusion plays an important role in ammonia absorption from the intestine not only in our experimental model but also at the concentrations likely to arise in uraemic patients. It is true that absorption will reduce the concentrations which might otherwise be expected to develop in uraemic patients, but Table 4 shows that absorption of ammonia is, in fact, independent of initial concentrations within a wide range.
10 all three parts of the gastro-intestinal tract examined, absorption was greater from solutions of higher pH, in which more ammonia is present as the lipid-soluble unionized form (Milne, Scribner & Crawford, 1958) . It is possible that pH-dependent ammonia absorption might be due to pH-induced enzyme changes enhancing active ammonia transport or synthesis. This explanation is unlikely since absorption of some basic drugs which are lipid soluble in the unionized phase exhibits similar pH dependence (Schanker, Tocco, Brodie & Hogben, 1959) . Hydrazine, which is similar to ammonia in relevant physical properties, but dissimilar chemically, also shows pH-dependent absorption from the ileum (Swales, unpublished observations).
Ammonia absorption was greater from bicarbonate solutions. This finding reinforces the observation of Mossberg (1967) that bicarbonate facilitates ammonia transport by the ill vitro ileal sac. We have demonstrated that the reciprocal effect also obtains, i.e, the final concentration of bicarbonate in ammonia-containing fluids was less than that of non-ammonia containing fluids. This was true whether net bicarbonate absorption or net bicarbonate secretion occurred. The comparatively small effect of ammonia upon the initial pH of the solutions used (Table 3 ) was insufficient to account for its facilitatory effect upon bicarbonate absorption. If the facilitatory influence of bicarbonate upon ammonia absorption was due to an effect upon trans-membrane potential (Mossberg, 1967) , it is difficult to explain this reciprocal effect. A more likely explanation is afforded by the work of Rosenfeld, Aboulafia & Schwartz (1963) upon the absorption of ammonia from the dog bladder in vivo. These workers demonstrated greater disappearance of ammonia and bicarbonate from solutions of ammonium bicarbonate, than from solutions where each one of these was present as the salt of a strongly ionized electrolyte (i.e. ammonium chloride and sodium bicarbonate respectively). They suggested that paired non-ionic diffusion was taking place with simultaneous, rapid diffusion ofNH 3 and CO 2 and continuous regeneration of each non-ionic species at the expense of the ionic member of each buffer pair.
NH~+HCO; =<== NH 3+C02+H20 Our observations thus support the hypothesis that non-ionic diffusion plays an important role in the absorption of ammonia from the intestine. Other evidence is contradictory. Summerskill (1966) found no evidence for pH-dependence in the absorption of ammonia from the human jejunum. However, he did not estimate bicarbonate secretion into his solutions, and in the jejunum this may be sufficiently great to obscure any pH effect. Mossberg (1967) found that pH had no influence in vitro upon ammonia transport by the hamster ileum, although the differencesin pH used by him were comparatively small. He did not use buffered preparations, so that the local changes at the mucosal surface induced by bicarbonate secretion may have been overlooked. Mossberg also claimed that ammonia transport can be inhibited by the use of the metabolic inhibitors 2: 4 dinitrophenol and sodium cyanide. These metabolic poisons may, however, have reduced ammonia absorption because they inhibited mucosal secretion of bicarbonate. In isolated loops of bowel which were constantly perfused by bicarbonate-rich blood, these inhibitors influenced ammonia absorption only in the direction to be expected from the change in pH which they produced (Swales, unpublished observations).
Where ammonia is being absorbed by a process of non-ionic diffusion in the lipid phase, the rate of absorption should be independent of water movement through the ileal wall. In these experiments ammonia absorption was significantly impaired when solutions of only moderate hypertonicity were infused. This effect cannot be attributed to solvent drag (i.e. movement of water in the opposite direction impairing ammonia movement along a concentration gradient) since the impairment persisted for at least 1 h after the hypertonic solution was removed. This finding suggests that hypertonic solutions produce a change in the ileal wall, reducing its permeability.
The absorption of hydrazine from mannitol solutions was closely correlated with changes in ammonia absorption. A smaller decrease in ammonia absorption was noted when urea was used to adjust osmolalities. There was a significant, although smaller correlation between absorption of ammonia and hydrazine from these solutions. Two explanations are possible for the similarity between ammonia and hydrazine absorption. Both substances could share the same active transport process, or, alternatively both could be absorbed by a process of diffusion. In favour of the former hypothesis, it could be argued that hydrazine, like ammonia, can combine with glutamic acid, and form glutamine analogues. However, these compounds are much less readily formed in biological systems than the corresponding ammonia compounds (Willis, 1966) .In favour of absorption by diffusion are the close physical similarities of these substances: both ammonia and hydrazine are weak bases (pK a 9·1 and 7·9 respectively) and the unionized species of each has a moderate degree oflipid solubility. Both show pH dependence of urinary excretion (Orloff & Berliner, 1956; Coe & Korty, 1967) , absorption from the buccal mucosa and from the ileal mucosa (unpublished observations).
The results presented here, therefore, support the view that non-ionic diffusion plays an important role in the absorption of ammonia from the small and large intestine. This conclusion is in keeping with the findings of Price et al. (1967) in both the isolated hamster ileum and the dog jejunum, and also with observations on absorption of ammonia from gastric juice (Fleshler & Gabuzda, 1965 ) and on absorption of ammonia from saliva (Swales, Kopstein & Wrong, unpublished observations). Additional evidence is provided by Elkington, Floch & Conn (1969) , who found the synthetic disaccharide lactulose lowered the colonic pH and the arterial ammonia levels in patients with the neurological complications of cirrhosis.
Our results indicate that the inhibiting action of hypertonic solutions upon ammonia and hydrazine absorption resembles the action of these solutions on glucose absorption from the ileum and jejunum (Kameda et al., 1968) . In both experiments it is due to changes in permeability caused by hypertonicity rather than changes in the direction of water flow through the ileal wall. If this is so, estimates of intestinal pore size made by studies of the osmotic effect of mannitol and urea solutions (Fordtran, Rector, Ewton, Soter & Kinney, 1965) are of questionable validity. An analogous situation may exist in the renal tubule where mannitol and other non-resorbable osmotically active substances produce histological tubular changes (Schreiner & Maher, 1965) .
